The handling of extremely small samples of gases and liquids has long been a subject of research among biologists, chemists and engineers. A few scientific instruments, notably the surface force apparatus, have been used extensively to investigate very short-range molecular phenomena [I]. We report the design, fabrication and characterization of an easily manufactured gas and liquid flow control device called the Nanogate [2] . The Nanogate controls liquid flows under very high planar confinement, wherein the liquid film is, in one dimension, on the scale of nanometers, but is on the scale of hundreds of microns in its other dimensions, as shown in Figure 1 . The fluid film thickness can he controlled within 2.&, from sub-lo nm up to 1 micron. Control of helium gas flow rates in the atm.cc/s range, and sub-nus flow rates of water and methanol have been predicted and experimentally verified. The Nanogate incorporates an external piezoelectric actuator as a displacement source. The gap thickness is directly measured with external optical metrology.
INTRODUCTION
At molecular length scales, which are understood to be on the order of nanometers, the physics of fluid flows are substantially altered. For example, in the case of a gaseous mixture flowing in a narrow channel or slit, molecules of different molecular weights flow at different speeds, and this effect can he used to separate gases akin to the separation column in a gas chromatograph. In a fluid system with a very high surface area to volume ratio, the interaction of a molecule or particle with the wall will heavily influence its mobility. For example, solidification, wherein the fluid viscosity increases beyond its bulk value, has been observed using the surface force apparatus, with simple liquids confined between mica sheets separated by less than ten molecular dimensions [3, 4] . Slip flow, where the fluid viscosity appears to decrease below its bulk value, has been observed, again with the surface force apparatus, in nondegassed liquids (both polar and nonpolar) between non-wetting mica surfaces, even at relatively large separation distances of 50 nm. These effects were observed to disappear with increasing surface roughness [5]. However, the surface force apparatus is not an ideal mechanism for studying fluid flows since it is an indirect approach where the viscosity is inferred from the measurement of surface forces acting over an area that is not precisely defined. An ideal apparatus for verifying these results would allow direct control of the plate 0-7803-826S-X/04/$17.00 02004 IEEE 411 separation, a well-defined interaction area, and a direct measurement of the fluid flowrate.
In addition, with a slit of sufficiently small dimensions, one can reasonably conceive of excluding particles based solely on their size. By making the slit height adjustable, a wide range of molecule sizes can be filtered without the loss of larger particles that is characteristic of a conventional porous filter. More generally, one can conceive of mechanically filtering a solution of unknown composition, panicle by particle, or introducing minute, well-controlled quantities of liquid or gas into a chemical or biological process. A mechanical filter that operates in this manner would have applications in processes such as drug discovery, where the manipulation of extremely small quantities of liquid is required, or as a pre-concentrator for micro-GC and lab-on-a-chip devices. The design challenge, then, is to create an adjustable device that can confine liquid flows on nanometer length scales.
In the Nanogate, this design task is accomplished by mounting two flat, nanometer-smooth surfaces in intimate contact. The surface separation is controlled by a mechanical flexure structure, connected to a piezoelectric actuator on the periphery of the device, as shown in Figure  1 . Tbis design exploits an intrinsic property of manufacturing processes to cheaply produce a device that controls a nanometer-scale aperture: smooth, flat surfaces are relatively simple and cheap to produce and manipulate, when compared to machined or etched edges. 
FABRICATION
The Nanogate is fabricated using conventional deep reactive ion etching (DRIE) and anodic bonding processes, as shown in Figure 2 . A hard mask of thermal oxide is grown on the wafer surface to preserve the surface quality during prmxssing. Before anodic bonding, this oxide mask is removed in I:1 HF:H20 and a layer of gold is electron beam deposited on the central valve land, along with a thin platinum film as a diffusion barrier.
I h e Nanogate is an exemplary application of the technique of selective anodic bonding [61. To create a selective anodic bond, a layer of an unreactive metal (gold or platinum) is applied in the regions where bonding is to be precluded. Careful thermal management is also required to prevent the formation of eutectics which will bond to glass. The anodic bond is created at 325 'C, with an applied voltage of 8OOV for 60 seconds. A third silicon wafer with etched microchannels is then anodically bonded to the valve structure an provides an interface to external fluidic connections.
Substrate: 4" <loo> DSP wafer, 300 rn. 
FABRICATION RESULTS
The selective anodic bonding process used in fabricating the valve seat produces complementary mating surfaces through deformation of the Pyrex. At elevated temperature, the Pyrex flows, creating a depression 40-60 nm deep which qualitatively conforms to the shape of the goldcovered silicon surface, shown in Figure 4 . This dramatically improves the performance of the Nanogate, as the closest approach of the mating surfaces is no longer limited by their overall bowlwarp. The silica (Pyrex) surface has a typical roughness of Ra = 6 nm and the goldcovered silicon surface has a typical roughness of Ra = 2 nm. 
RESULTS
The mechanical response of the Nanogate was calibrated using a Picomotor piezoelectric stepper motor as the actuator and a Zygo optical probe for displacement metrology. The displacement of the valve land was thus measured directly with 2.4 nm resolution. The average displacement of the valve land per applied Picornotor step was determined to be 2A, as inferred in Figure 5 from measurements over a 150nm excursion, corresponding to 750 applied Picomotor steps. Helium flow tests were performed using a Varian 979 Helium Leak Tester, which uses a mass spectrometer to determine the leak rate, with mass flow sensitivity of 10~'' atmccls. Helium leak tests were performed at room temperature (22 "C). The machine is self-calibrating, and before any tests are performed, the inlet is sealed, and the machine determines the baseline ('zero') leak rate. The outlet of the Nanogate valve was connected to the inlet of the helium leak tester using a 1/4"x24" flexible stainless steel tube with VCR-4 fittings on each end. The flowrate was then measured, at a given pressure drop, for a range of valve openings. The data (for a given Nanogate artifact), is summarized in Figure 6 . The minimum observed leak rate, for "zero" opening, was 4.1 x IO-' atm.cc1s; this quantity is expected to be a function of the artifact under test. However, the baseline leak rate is also increased by gas leaks from the surrounding ambient air through the three metal Swagelok fittings used to connect between the outlet of the Nanogate and the Helium leak tester. After eliminating the baseline leak, the dependence of the flowrate on Nanogate displacement conforms very closely to the Knudsen theory of molecular flow. Fully open, the helium leak rate is greater than I x IO^' atm.ccls, which exceeds the upper hound of the measurement capability of the helium leak tester. Flow tests with various liquids were also performed. Test liquids were deionized water and methanol. A syringe pump was used to inject liquid into the inlet port of the Nanogate. The inlet line was connected to a pressurized manifold, thereby regulating the inlet pressure and preventing pressure surges or spikes. Liquid flow tests were conducted at room temperature, with both methanol and water as test liquids. For channel heights down to 80 nm, at a pressure drop of 40 psi, no departure from Poiseuille flow was observed. The results for water are summarized io Figure 7 . A final test was to evaluate the baseline leak rate of water through the Nanogate when it was entirely closed. Water at a pressure of 40 psi was applied to the inlet for 7 days, but no flow could be observed. Thus, the Nanogate is regarded as having excellent sealing properties for liquid flows. 
CONCLUSIONS
Comparisons with comparable technologies, summarized in 
